INTRODUCTION
Phosphorus plays a key role in biochemistry as important part of the desoxyribonucleid acid, adenosine triphosphate and many other compounds in living organisms. The metabolism of nutrients involves several phosphorylation steps. 1 Based on the work of Westheimer et al., 2, 3 the possible intermediacy of a pentavalent phosphorus during phosphoryl transfer reactions has been extensively discussed in the literature, 4, 5 and recently, the structure of an intermediate from 1616 R. Betz and P. Klüfers a phosphoryl transfer reaction containing a pentacoordinate phosphorus atom was elucidated by means of a single crystal X-ray study. 6 Being ubiquitous in cellular environments, carbohydrates appear as attractive bonding partners for pentavalent phosphorus. However, a definite proof for the structure of such compounds based on data obtained from single crystal X-ray experiments was lacking completely in the literature up to some years ago. Important progress in solving this problem was achieved by Holmes and co-workers by incorporation of the phosphorus atom into a macrocyclic framework. Consequently, a series of carbohydrate-substituted λ 5 -phosphoranes with protected glucofuranoside and xylofuranoside, β-chloralose and thymidine, was investigated by single crystal X-ray diffraction showing for some of these compounds formal hexacoordination by intramolecular donor interaction. 7−9 However, symmetric λ 5 -phosphanes bearing two carbohydrate moieties are still unknown. Additionally, to faciliate bonding of carbohydrates to phosphorus it would be desirable for the fifth substituent at phosphorus to have a low steric demand. Pursuing the latter strategy, hydrido-spiro-λ 5 -phosphanes appear to be particularly suitable for this purpose. This class of molecules has attracted some attention during the 1960s and 1970s, 10−12 but has been observed only for a limited number of almost exclusively open-chain diols (except cis-cyclohexane-1,2-diol 13 ) leaving the question about the possible extension to carbohydrates as chelating partners unanswered. To test whether hydrido-spiro-λ 5 -phosphanes might, in principle, be formed with carbohydrates, anhydroerythritol-a vicinal diol representing a model for furanoid carbohydrates containing cis-configured hydroxyl groups-was used as a starting material. As of today, only two structures of hydrido-spiro-λ 5 -phosphanes resulting from vicinal diols (pyrocatechol 14 and 2,3-diphenylethane-1,2-diol 15 ) have been elucidated by means of single crystal X-ray diffraction.
RESULTS AND DISCUSSION
The synthesis of the hydrido-spiro-λ 5 -phosphane with anhydroerythritol as the chelating diol was performed according to two different synthetic protocols described in the literature 12, 16 in a three-step sequence starting from phosphorus trichloride and in one step starting from tris(N,N-dimethylamino)phosphane (Scheme 1). Despite of the three steps the first reaction sequence is of interest since exclusively cheap starting materials are involved.
2-Chloro-tetrahydro-furo [3,4- crystallizes on prolonged storage at room temperature. The results of a single crystal X-ray study prove phosphorus to be part of a fivemembered chelate ring ( Figure 1 ). The phosphorus atom is found at the top of a trigonal pyramid. Bond lengths and angles around the phosphorus atom are in good agreement with the values reported in the literature for similar compounds derived from aromatic hydroxycarboxylic acids or aromatic diols. 17−25 A puckering analysis of the five-membered rings according to Cremer and Pople shows the chelate ring, as well as FIGURE 1 Molecular structure of P(AnErytH −2 )Cl(1) (50% probability ellipsoids). Selected distances (inÅ) and angles (in • ): Cl-P 2.1152 (7) , P-O13 1.6008(13), P-O12 1.6041(13), O12-C12 1.4459(18), O13-C13 1.4511 (19) , C12-C13 1.542(2), O13-P-O12 95.48(6), O13-P-Cl 100.10(5), O12-P-Cl 99.90(5), C12-O12-P 112.82(9), C13-O13-P 112.99(9), O12-C12-C13-O13 −0.22 (16) ; ring puckering analysis 9 : P-O12-C12-C13-O13 Q 2 = 0.2325(12)Å, ϕ 2 = 0.4(4) • (envelope on P); O11-C11-C12-C13-C14 Q 2 = 0.3840(17)Å, ϕ 2 = 0.9(3) • (envelope on O11). the oxolane ring to adopt an envelope conformation. 26 The oxolane moiety is oriented away from the chlorine atom and syn to the free electron pair at phosphorus. A solution of crystals of 1 in CDCl 3 shows two signals in the 31 P NMR spectrum and two sets of signals in the 13 C NMR spectrum, which is in accordance with the two possible stereoisomers (syn and anti) for 1. According to integration of the 31 P NMR signals the relative ratio of the two isomers is about 30:1. A comparison between the carbon resonances of anhydroerythritol and the corresponding signals in the 13 C NMR spectrum of 1 shows that the signal of the CH groups of the latter in the case of the minor isomer are shifted by 13.4 ppm downfield. For the major isomer the downfield shift of these carbon atoms is with 11.4 ppm less pronounced. No shift difference for the two isomers is observed for the resonances attributable to the methylene groups. The 31 P NMR resonances at 183 ppm (minor isomer) and 175 ppm (major isomer) are typical for trivalent phosphorus compounds of this type. 27 The proton spectrum of 1 shows the expected high order line pattern for the ABM-part of an [ABM] 2 X spin system.
The compound is highly reactive and decomposes rapidly with evolution of white fumes upon exposure to air or moisture.
To avoid halogenido-induced side reactions during the formation of the desired hydrido-spiro-λ 5 -phosphane, the remaining chlorine atom at phosphorus was substituted for another appropriate leaving group. Reaction of 1 with N, N-diethylamine in an aprotic solvent yielded the amino substituted derivative 2, which was isolated by distillation. The liquid showed no tendency to crystallize at room temperature even after a storage period of more than 18 months. The 31 P, 13 C, 1 H, and 15 N NMR spectra of 2 display each two sets of signals (ratio approximately 1:8), which suggests the presence of a syn and an anti isomer. A comparison of the 13 C NMR chemical shifts of 2 with those of neat anhydroerythritol shows for the CH carbon atoms in 2 a downfield shift of 8.0 ppm (main isomer) and of 7.4 ppm (minor isomer). A small downfield shift of 2.0 ppm is observed for δ 13 C of the methylene groups ( Figure 2 ).
The coupling constants between 31 P and 15 N are nearly identical (about 90 Hz) for the minor and the major isomer. This is in good agreement with the values reported in the literature for a similar compound incorporating benzene-1,2-diol as the chelating unit and the N, N-dimethylamine moiety bonded to phosphorus. 28 The bonding of nitrogen to the trivalent phosphorus atom causes a marked shift of the 15 N NMR signal to lower field as compared to the 15 N resonance of neat N, N-diethylamine. This shift amounts to 46 ppm for the main isomer and 43 ppm for the minor isomer ( Figure 3 ). As in the case of 1, the ring protons in 2 display the ABM-part of an [ABM] 2 X spectrum. Reaction of 2 with one equivalent of anhydroerythritol and subsequent removal of the liberated N, N-diethylamine by distillation yielded a colorless crystalline solid. The same product was also obtained in a one-step procedure after prolonged heating of tris(N,Ndimethylamino)phosphane with two equivalents of anhydroerythritol in toluene.
The 31 P{ 1 H} NMR spectrum of the dissolved crystalline product shows three resonances around −20 ppm. The values are in the range that was reported in the literature for hydrido-spiro-λ 5 -phosphanes resulting from vicinal diols and provide a first indication for the formation of 3. 10−12 The intensity of the two signals at −20 and −22 ppm is significantly larger than that of the third resonance at −18 ppm with a relative signal ratio of 1:5:4 (from lowest to highest field). As in the case of 2, the appearance of three distinct resonances is indicative of syn/anti isomerism which is caused by the possible orientations of the meso-oxolan rings with respect to the hydrogen atom at phosphorus. In the proton coupled 31 P NMR spectrum the signals split into dubletts with a large P,H coupling constant and further into different multiplets with much smaller P,H coupling constants. The large P,H coupling constants range between 820 and 830 Hz, which is typical for compounds of pentacoordinated phosphorus with direct P-H bonds, thus further corroborating the identity of 3. 10−12 The proton coupled 31 P NMR spectrum allows for the identification of the syn/syn-, the syn/anti-and the anti/anti-isomer on the basis of the splitting patterns and the signal intensities. The signal at −22 ppm with the most complex splitting pattern is caused by the syn/anti isomer due to the C 2 symmetry of this molecule, which makes the hydrogen atoms at the CH-moieties unequal. For the identification of the other two isomers, the splitting pattern no longer can be used as the only discriminating tool due to the C s symmetry of these two stereoisomers. It is the marked difference in signal intensities, which allows for a tentative assignment of the resonances. DFT calculations at the B3LYP/aug-CCpVDZ level of theory with Gaussian03 29 for both isomers show the anti/anti isomer to be 10.6 kJ mol −1 more unfavorable than the syn/syn isomer. Thus the resonance with the higher intensity at −20 ppm may be attributed to syn/syn isomer. The 13 C NMR spectrum of 3 further supports the proposed structure. Assignment of the signals is based on a 13 C DEPT-90 experiment. The number of signals for the methine and methylene moieties observed is in accord with the presence of the three stereoisomers discussed.
The IR spectrum of 3 shows the absence of free hydroxyl groups thus ruling out the possibilty of 3 being a λ 3 -phosphane. At the same time the absorption at 2439 cm −1 in the infrared spectrum and the emission at 2437 cm −1 in the Raman spectrum, prove the presence of a P-H bond. 30 A small melting range of only around 2.5 • C is observed for 3 even at a heating rate of only 1 • C per min with resolidification occurring almost instantaneously upon removal from the heating source. Obviously, an adjustment of the equilibrium between P III and (formal) P V (Figure 4 ) either does not take place or it proceeds so quickly, that no broad hysteresis can be observed for melting or resolidification, as was described for the ethylene glycol derived hydrido-spirophosphorane. 31 Unfortunately, despite of several attempts of recrystallization, the poor quality of the crystals obtained from 3 precluded the determination of its molecular structure by means of single crystal X-ray diffraction.
Compound 3 is not stable against prolonged exposure to air or moisture neither in solid state nor in solution. It easily decomposes with cleavage of the P H and the P O bonds, yielding -predominantlyphosphates.
CONCLUSION
Using anhydroerythritol as vicinal diol and starting from phosphorus trichloride a new compound containing a pentacoordinate phosphorus atom was synthesized in three steps. Its NMR, IR and Raman data unambiguously identify the compound as a symmetric hydrido-spiroλ 5 -phosphane. The synthetic protocols reported in the literature for the synthesis of hydrido-spiro-λ 5 -phosphanes with open-chain diols were thus successfully applied to the synthesis of a cyclopentane-derived diol.
The anhydroerythritol was used in this study as a configurationally stable, non-reducing model compound for important sugars like Dribose. The formation of the hydrido-spiro-λ 5 -phosphane 3 indicates, that a an analogous synthetic route might be applied for the preparation of hydrido-spiro-λ 5 -phosphanes derived from carbohydrates as chelating dioles. The synthesis of symmetric carbohydrate-substituted spiro-λ 5 -phosphanes having a sterically non-demanding hydrogen atom as the fifth substituent is of great importance. Such compounds would provide precious information not only about the structures of postulated hypervalent phosphorus containing intermediates in metabolism, but also in the field of asymmetric catalysis, where diol-derived hydridospiro-λ 5 -phosphanes have already been applied as interesting ligands for transition metal complexes. 32, 33 EXPERIMENTAL Phosphorus trichloride (synthesis grade) was obtained from Merck and used without further purification. Anhydroerythritol was synthesized according to a published procedure. 34 meso-Erythritol was obatined from Acros and used as received. Resinous ion exchanger Amberlite IR-120 was obtained from Aldrich in protonated form and applied without further purification. Toluene, benzene and dichloromethane (all Fluka) were dried over molecular sieves (4Å) prior to use. N,N-Diethylamine (synthesis grade, Fluka) was stored over potassium hydroxide pellets for several days before use. Tris(dimethylamino)phosphane (Fluka) was used as received. All manipulations were carried out in flame-dried glass-ware under an atmosphere of dry nitrogen applying standard Schlenk-techniques. 1 H NMR spectra were measured on a JEOL Eclipse spectrometer at 270 MHz and are referenced to internal tetramethylsilane or the respective solvent residual peak. 35 13 C NMR spectra were obtained with a JEOL Eclipse spectrometer at 68 MHz and are referenced to internal tetramethylsilane or the respective solvent residual peak. 35 14 N and 15 N NMR spectra were measured on a JEOL Eclipse spectrometer at 29 MHz and 41 MHz, respectively, and are referenced to external nitromethane. 31 P NMR spectra were obtained with a JEOL Eclipse spectrometer at 109 MHz and are referenced to external 85% H 3 PO 4 . Downfield shifts are indicated by positive values. Unless otherwise stated all signals were detected as singulets. IR spectra were recorded with a Perkin Elmer Spectrum BX FT-IR spectrometer with a DuraSamplIR II ATR unit and a Bruker IFS 66v/S FTIR spectrometer. Raman spectra were measured with a Perkin Elmer 2000 NIR-FT spectrometer. UV/VIS spectra were measured with a CARY 50 Bio UV-Visible spectrometer in quartz glass cuvettes; extinction coefficients were not determined. Elemental analyses were performed with a Vario Elementar EL apparatus. Determination of the chlorine content was done according to the procedure of Schöniger with the help of a Metrohm Titroprocessor. 36, 37 The phosphorus content was determined by ICP-AES on a Varian-VISTA Simultan spectrometer. Melting points were obtained on a Büchi-540 apparatus and are uncorrected. Refractory indices were measured on a Schmidt-Haensch DUR W2 apparatus at 25 • C; thermostatization was achieved by means of a Haake B5 waterbath operated with a Haake F6 control device. Single crystal X-ray studies were performed on a Nonius Kappa CCD diffractometer.
Due to the sometimes scarce information in the literature, detailed experimental information is given also for the literature procedures followed.
Synthesis of Anhydroerythritol
In a round-bottomed flask (250 mL), equipped with a Vigreux-columnequipped distillation head, meso-erythritol (50.00 g, 409 mmol) and Amberlite IR-120 (5.04 g) were thoroughly mixed by shaking. The mixture was then molten by means of an electrical heating device and the obtained crude product continuously removed from the reaction vessel by distillation (3.5 mbar, 113 • C at the top of the distillation head). For drying, the crude product was dissolved in dichloromethane (150 mL), and the colorless solution was stored over molecular sieves (35 g, 4Å) for three days. After filtration the solvent was removed under reduced pressure and the residue was once again distilled (identical conditions as given above -tetrahydro-furo[3,4-d][1,3,2 
Synthesis of 2-Chloro

] dioxaphosphole (1)
In a three-necked flask (250 mL), equipped with a dropping funnel and a pressure equalizing valve, phosphorus trichloride (8.75 mL, 13.73 g, 100 mmol) was dissolved in dichloromethane (50 mL). With vigorous stirring a solution of anhydroerythritol (7.54 mL, 10.41 g, 100 mmol) in dichloromethane (10 mL) was dropped to this mixture in the course of 30 min; during this time a strong evolution of gaseous reaction products was observed. After completion of the addition, the reaction mixture was stirred for 4 h at room temperature and then for additional 30 min at approximately 40 • C (waterbath). All volatile components from the reaction mixture were removed at room temperature under reduced pressure. The residue was distilled under reduced pressure over a Vigreux column (2.0 × 10 −2 mbar, 59 • C at the top of the distillation head). A colorless, slightly oily liquid with a pungent garlic-like odor was obtained, which solidified after storage for several weeks at room temperature to give a colorless crystalline solid with a pungent odor. Both liquid and solid samples fumed upon exposal to air. Yield 13.43 g, 79.7 mmol, 79.7%. ρ = 1.44 g cm −3 (as liquid sample). 1 -(tetrahydro-furo[3,4-d ][1,3,2 
Synthesis of Diethyl
] dioxaphosphol-2-yl)-amine (2)
In a three-necked flask (500 mL), equipped with a dropping funnel and a pressure equalizing valve, 2-chloro-tetrahydro-furo [3,4d] [1, 3, 2] dioxaphosphole (7.61 mL, 10.95 g, 65 mmol) was dissolved in benzene (150 mL). Under cooling with an ice-bath, a solution of diethylamine (13.46 mL, 9.51 g, 130 mmol) in benzene (20 mL) was added dropwise to this solution over 30 min. Slowly, a colorless solid started to precipitate from the reaction mixture. After completion of the addition, the ice-bath was removed and the colorless suspension was stirred at room temperature overnight. The opalescing solid was removed by filtration over a coarse-sintered glas disk and from the filtrate all volatile compounds were removed under reduced pressure. The residue was distilled under reduced pressure over a Vigreux-column (2.0×10 −2 mbar, 78 • C at the top of the distillation head). A colorless, oily liquid with a garlic-like odor was obtained. Yield: 12. 
Synthesis of Hydrido-bis(meso-oxolanylen-3,4-dioxy) -λ 5 -phosphane (3)
Method A
A mixture of diethyl-(tetrahydro-furo[3,4-d][1,3,2]dioxaphosphol-2yl)-amine (8.84 mL, 10.26 g, 50.0 mmol) and anhydroerythritol (3.78 mL, 5.21 g, 50.0 mmol) was placed in a Schlenk-flask (50 mL) equipped with a distillation head. The reaction mixture was heated under a weak steady stream of nitrogen until no more liquid distilled. During the heating period, a growing amount of colorless solid formed in the Schlenk-flask, which finally completely replaced the liquid phase. Yield: 11.18 g, 47.3 mmol, 94.6%.
Method B
A solution of tris(N,N-dimethylamino)phosphane (3.64 mL, 3.26 g, 20 mmol) in toluene (10 mL) was mixed with anhydroerythritol (3.02 mL, 4.16 g, 40 mmol) in a Schlenk-flask and heated under reflux for 6 h. A steady stream of nitrogen was passed through a pressure equalizing valve located at the head of the reflux condenser throughout the heating period. Upon cooling to room temperature, a white crystalline solid was obtained from the colorless reaction mixture. Removal of the solvent under reduced pressure afforded a white crystalline solid. Yield: 1.42 g, 6.01 mmol, 30.1%. 1 
Crystal Structure Determination and Refinement
A single crystal suitable for X-ray diffraction was selected by means of a polarizing microscope and mounted on the tip of a glass fiber. Data collection was performed on a Nonius Kappa CCD diffractometer using graphite-monochromatized MoKα radiation (λ= 0.71073Å). The structure was solved by Direct Methods (SIR 97 38 ) and refined by full-matrix least-squares calculations on F 2 (SHELXL-97 39 ). Anisotropic displacement parameters were refined for all non-hydrogen atoms. Correct assignment of space group and search for missed or additional symmetry was performed with PLATON to check whether an orthorhombic setting was chosen correctly over a tetragonal one despite the nearly identical lengths of axes b and c. 40 Molecular graphics were drawn with ORTEPIII. 41 Crystallographic data for the structure has been deposited with the Cambridge Crystallographic Data Centre (1: 655562). Copies of the data can be obtained free of charge on application to the Director, CCDC, 12 Union Road, Cambridge CB2 1EZ, UK (Fax: int.code+(1223)336-033; e-mail for inquiry: file-server@ccdc.cam.ac.uk).
Crystallographic Data for 1
